Tooth crown patterning is governed by the growth and folding of the inner enamel 25 epithelium (IEE) and the following enamel deposition forms outer enamel surface (OES). We 26 hypothesized that overall dental crown shape and covariation structure is determined by processes that 27 configurate shape at enamel-dentin junction (EDJ), the developmental vestige of IEE, and tested this 28 hypothesis by comparing patterns of morphological variation between EDJ and OES in human 29 maxillary permanent first molar (UM1) and second deciduous molar (um2). Using geometric 30 morphometric methods, we described morphological variation and covariation between EDJ and OES, 31
Introduction 45
Dental morphological characteristics such as cusps, accessory cusps, and ridges on the 46 occlusal surface have been used extensively in the studies of hominoid evolution and phylogenetic 47 section in the EDJ and the OES had the same number of (semi)landmarks, and that the contributions of 158 the section between the (semi)landmarks to the curve were approximately equal to each other ( 
com). Each homologous set of landmarks was converted to shape coordinates by Generalized 166
Procrustes Analysis (GPA; Rohlf and Slice, 1990), which was performed using MorphoJ version 1.05d 167 (Klingenberg, 2011) . 168
169

Morphometric analysis 170
Covariation between EDJ and OES was analyzed using 2B-PLS. This method compares two 171 morphological data sets by using a singular value decomposition of the cross-covariation matrix, finds 172 new pairs of axes that account for the maximum amount of covariance between both data sets and 173 visualizes the main associated morphological changes. The RV coefficient was used to evaluate the 174 strength of multivariate correlations between data sets. This coefficient is a multivariate analogue of the 175 squared correlation coefficient (Escoufier, 1973; Klingenberg, 2008) . The significances of both the 176 correlation between the scores for each pair of PLS axes and RV coefficient were evaluated by means of 177 resampling tests with 1000 random permutations. These procedures were carried out with MorphoJ 178 software (Klingenberg, 2011) . 179
A principal component analysis of Procrustes shape coordinates was used to extract main 180 patterns of morphological variation across EDJ and OES in both UM1 and um2. Using first few PC 181 scores of EDJ and OES, we performed a regression analysis between these two structures to test 182 whether shape variation of OES can be predicted by that of EDJ. 183
The difference in multivariate morphological change vector from EDJ to OES between UM1 184 and um2 was assessed by calculating the length and direction of shape change using a residual 185 randomization procedure outlined in Collyer and Adams (2007 To compare the overall strength of morphological integration, we followed Wagner (1984) 202 in using the variance of the eigenvalues for the variance-covariance matrix as the measure of integration. 203
This measure of integration captures whether shape variance can be explained by a small number of 204 principal components, or whether variance is more evenly distributed across principal components. The 205 former case would be considered more integrated and the latter less integrated. Variance of eigenvalues 206 (VE) was compared between the EDJ and the OES within the same tooth using bootstrap resampling 207 methods (Manly, 1997). For each of the EDJ and the OES, the original data matrix was bootstrapped 208 1000 times, a variance-covariance matrix was derived from each bootstrap sample, and VE was 209 calculated from each of the 1000 variance-covariance matrices. For each of the 1000 VE replicates, the 210 difference between the EDJ and the OES was calculated. This created a distribution of differences in 211 VE replicates that was then zero-centered. Each of the zero-centered differences was then compared to 212 the observed difference in VE between the EDJ and theOES. The two-tailed P value was calculated as 213 the number of times the difference from the zero-centered distribution was equal to or greater than the 214 observed difference, divided by the number of bootstrap replicates (Manly, 1997). 215
The ability of EDJ and OES morphology to respond to selection was evaluated using mean 216 (i.e., when the cosine of the angle between them is 1.0) indicate a structure that is more responsive to 227 selection, i.e., more evolvable. A larger angle between the response and selection vectors is indicative of 228 less evolvability. In general, high levels of evolvability measures, such as evolutionary flexibility, tend 229 to be associated with low levels of integration measures (e.g., VE). Pairwise comparisons of 230 evolutionary flexibility between EDJ and OES within the same tooth class were performed as described 231 for VE; the distribution of vector correlations obtained from the covariance matrix and 1,000 random 232 selection vectors for EDJ and OES were compared using the difference of means test and accompanied 233 13 by a two-tailed P value. All statistical analyses were performed using R version 2.13.1 (R Development 234
Core Team, 2011). 235
236
Results
237
Morphometric analysis 238
Covariation between EDJ and OES is higher in um2 (RV=0.914; P<0.001) than in UM1 239 (RV=0.794; P<0.001). 2B-PLS analysis in UM1 revealed that the first axis explained 49.43% of total 240 shape covariance and that corresponding shape change mainly involves the contraction of buccal side 241 and expansion of distolingual cusp (hypocone) for both EDJ and OES (Table 1 ; Fig. 2a ). The second 242 axis also revealed that EDJ and OES showed similar shape change that contraction of mesiobuccal cusp 243 (paracone) and contraction of distal side (Fig. 2b) . In um2, the first singular axis of correspondence to 244 the comparison of EDJ and OES revealed a correlated reduction of mesiolingual-distobuccally and 245 expansion of mesiobuccal-distolingually (Fig. 2c) . The second axis also revealed significant shape 246 change of reduction of mesial cusps and reduction of distal cusps for both EDJ and OES (Fig. 2d) . 247
In the PCA, the first two principal components account for 34.85% of the total variation 248 ( Figure 3a ; Table 2 ). Positive scores of PC1 are associated with relatively high and sharp cusp tips and 249 lingually located hypocone. Its negative values correspond to relatively-gentle and inner located cusp 250 tips with deep intercuspal grooves. Positive PC2 scores are associated with mesial expansion and 251 contraction of protocone and negative ones with mesial contraction with lingually expanded protocone. 252 PC1 corresponds to the distinction between EDJ and OES, whereas PC2 separates between UM1 and 253 um2. Figure 3b and 3c illustrates the regressions of first two PCs for EDJ and OES in both teeth. The 254 14 adjusted R-squared value is lower in UM1 than that in um2 for both PC1 (0.249 vs.0.700) and PC2 255 (0.842 vs. 0.907), which indicated that the OES shape variation is better predicted by EDJ shape 256 variation in um2 than in UM1. 257
The tooth specific morphological change vectors between EDJ and OES were not 258 statistically different in length (ΔD=0.004; P=0.27). However, the angle between these vectors was 259 significantly greater than expected by chance (θ=27.62°; P<0.001: Fig. 3a) . 260
261
Variability analysis 262
Canalization 263
The coefficients of variation of the LogCS for each configuration (UM1EDJ, UM1OES, 264 um2EDJ and um2OES) was not significantly different from each other, although OES tended to be 265 more variable than EDJ in both the UM1 and um2 tooth classes (Figure 4a ). On the other hand, shape 266 variability was significantly different among these configurations, and pair-wise tests showed that only 267 in UM1 was there a significant difference in shape variability between EDJ and OES ( Figure 4b) . 268
269
Morphological integration 270
The variance of the eigenvalue (VE) was significantly greater for EDJ than for OES in UM1, 271 but not in um2 (Figure 4c ). The greater VEs for EDJ were seen in both UM1 and um2, indicating that 272 EDJ was more integrated than OES. 273
274
Evolutionary flexibility 275 15
The mean cosine between the selection vector and the response vector for OES tended to be 276 greater than that for EDJ, but a significant difference was not detected between them in either tooth class 277 (Figure 4d ). This meant that there was no difference in the extent to which EDJ and OES would be 278 influenced by the selection vector. from mean size in EDJ and OES were not significantly different, and therefore both EDJ size 319 differences and OES size differences among groups being compared can be used as a reliable measure 320 of phylogenetic relatedness. 321
In the case of UM1, shape variation of OES was greater than that of EDJ. This result 322
suggests that canalization of crown shape may be weakened during the process of enamel formation. result obtained at the cusp tips and ridges is in accord with these studies and implies that shape (e.g., 327
intercusp topological relationship) variation is more susceptible to modifications resulting from enamel 328 formation than size variation, which might be likely to cause homoplasy that would confuse 329 phylogenetic reconstructions (note here "size" refers to the centroid size of the cuspal tips and ridges and 330 not commonly used crown size proxies like maximum mesiodistal x buccolingual dimensions). 331
The result of VE analysis showed that EDJ was more integrated than OES in UM1, although 332 the same was not supported statistically in um2. Molar crown morphogenesis is a morphodynamic 333 process in which inductive events and morphogenetic processes act at the same time, and is regulated by 334 interactions between the epithelial and underlying mesenchymal tissues. Cusp initiation and patterning 335 in tooth germ is an iterative process that repeatedly utilizes the same set of genes and signaling pathways, 336 which would lead to higher morphological integration in EDJ. On the other hand, the pattern of enamel 337 formation is the end product of a sequence proceeding from ameloblast differentiation from the IEE 338 cells, to secretion of enamel proteins including amelogenins and enamelins, and finally organization of 339 the enamel crystallites into enamel rods or prisms (Boyde, 1964 (Boyde, , 1989 . Topological developmental 340 parameters, such as the rate and the duration of enamel apposition and/or ameloblast extension and 341 termination (Simmer et al., 2010) , might impact the OES formation, which could lead to weaker 342 morphological integration in OES. 343
It is predicted that stronger integration between traits acts as a limitation on producing 344 phenotypic variation (Wagner and Altenberg, 1996) . The results of the canalization and morphological 345 integration analyses presented here are consistent with this prediction, i.e., the more strongly integrated 346 EDJ shows smaller variability. The set of genes expressed during morphogenesis of the tooth are also 347 used in different organs, including hair, pancreas, mammary gland, salivary gland, thymus, vibrissae, 348 The comparable level of evolutionary flexibility between EDJ and OES suggests that both of them can 372 be utilized as an equally effective proxy for inferring phylogenetic relationships that would result from 373 selective pressure. 374
Overall, the difference of each measurement (canalization, morphological integration and 375 evolutionary flexibility) between the EDJ and OES in the present study was greater in UM1 than in um2. 376
The process of enamel formation is more likely to influence crown morphological variability and 377 evolvability in UM1 than in um2, which can be explained by the duration and/or thickness of enamel 378 formation. Compared to UM1, the enamel deposition period of um2 is shorter and the enamel is thinner 379 (Nanci, 2013). Therefore enamel formation may exert less influence on shape change in um2, which 380 20 may be related to the conservation of primitive morphology, as discussed in previous studies (Dahlberg, 381 1945; Butler, 1956 Butler, , 1971 Suzuki and Sakai, 1973; Saunders and Mayhall, 1982) . Since not only 382 morphology but also variability would be likely to differ between EDJ and OES, a tooth crown that has 383 a longer period of enamel formation and/or thicker enamel would require careful evaluation for 384 phylogenetic studies. 385
This study compared patterns of canalization, morphological integration, and evolutionary 386 flexibility between the EDJ and the OES in UM1 and um2 in order to explore their possible effects on 387 phylogenetic reconstructions. Our results suggest that a tooth crown that has thicker enamel and/or a 388 longer period of enamel formation can be more variable in shape at the OES, where similarity can be 389 
Concluding Remarks 395
Both morphometric and variability analyses indicate that tooth shape and covariation 396 structure is not only determined by processes that contribute to tooth shape at the EDJ, but also 397 amelogenesis can play a significant role in them. The influence of enamel formation on morphological 398 variation and patterns of variability is not constant among teeth, which may be responsible for the 399 differences in the rate and/or period of enamel formation. 400 401 Tables  581   Table 1 Relationship between EDJ and OES for PC2 in both UM1 and um2. The slope and intercept of the 604
